The synthesis and self-assembling properties of 8-aryl-2′-deoxyguanosine derivatives are described. Our studies suggest that a properly placed acetyl group can increase the stability and specificity of the resulting G-quadruplex supramolecules by enhancing noncovalent interactions such as hydrogen bonds and π-stacking.
Advances in supramolecular chemistry and related fields rely on the availability of recognition motifs with increased selectivity, specificity, and ease of synthesis. Nucleosides in general, and guanosine (G) in particular, stand out as excellent candidates for the elaboration of a variety of supramolecular structures. Guanosine can form tetrameric structures (G-tetrads) that self-assemble in the presence of a variety of cations to form higher ordered structures known as G-quadruplexes. We describe the self-assembling properties of lipophilic 8-aryl-dG analogues (8ArdG); in particular, we demonstrate that such properties can be modulated by the presence of an aryl group attached to C 8 at the guanine base, as well as the nature and stereochemical arrangement of functional groups capable of increasing the number of hydrogen bonds within a tetrad. We show that, in CDCl 3 or CD 3 CN and in the presence of KI, 8-(3-acetylphenyl)-dG forms assemblies of increased thermal stability and specificity when compared with the parent dG or a related compound that lack an expanded Hoogsteen edge.
G-Quadruplexes are relevant to areas as diverse as cancer research and nanotechnology. 1a The G-rich sequence of telomeres, ends of chromosomes, have a propensity to form G-quadruplex structures in vitro. Molecules capable of binding to and stabilizing G-quadruplexes have shown promising anticancer activity because of their inhibitory effect on telomerase. 1b In the areas of supramolecular chemistry and nanotechnology, the Davis and Gottarelli groups have made various lipophilic G-analogues for the construction of self-assembled ionophores, self-assembled liquid crystals, and other molecular devices. 1a,2 The stated importance of G-quadruplexes makes it appropriate to determine structurefunction relationships with G-analogues. In particular, G-analogues that are modified at the guanine base could be used to modulate the properties of oligonucleotides or other self-assembled structures containing them. 3 Each guanine base in a G-tetrad has an unpaired hydrogen bond donor (H*) at N 2 that is not hydrogen bound within the structure (Figure 1a) . Because H* is located at the grooves of a G-quadruplex, it is solvent-exposed, and in aqueous solutions it is most likely H-bound to water molecules. In related structures such as the DNA-hexad, two of the four H*s are hydrogen bound to adenine bases. 4 Molecular modeling shows that a G-analogue with a hydrogen bond acceptor located near H* could make an additional H-bond. 5 A specific example of a G-analogue with an expanded Hoogsteen edge is shown in Figure 1b . The oxygen, shown in red, in the 8-(3-acetylphenyl) group could hydrogen bond to N 2 H*, forming a tetrad with up to four extra hydrogen bonds. The resulting G-quadruplexes formed from the stacking of such tetrads are expected to have additional noncovalent interactions (π-stacking, CH-π) and also to be more specific, i.e., forming mostly one type of supramolecular structure, and more stable than the naturally occurring G-quadruplexes.
The key step in the synthesis of 8ArdG analogues is a Suzuki-Miyaura cross-coupling reaction using the methodology recently published by the Shaughnessy group (Scheme 1). 6 Esterification of the 5′-and 3′-hydroxyl groups in 1, 3, and 4 affords analogues 1a, 3a, and 4a, respectively, which are soluble in organic solvents. Compounds 1a, 3a, and 4a show sharp and well-defined signals in DMSO-d 6 that are indicative of the presence of mostly monomeric species (Figure 2a) . In CDCl 3 , the peaks are also sharp and well-resolved with the exception of the N 1 H peaks, which are slightly exchange-broadened, indicating the formation of loosely bound aggregates (Figure 2b , Scheme 2, M). 7 The spectra of 1a, 3a, and 4a in CDCl 3 changes significantly upon the addition of KI. Metal cations such as K + promote the formation of octamers, hexadecamers, and higher ordered aggregates by lipophilic guanosine analogues in organic solvents 2 and by guanosine nucleotides and oligonucleotides in aqueous environments. 8 Titration experiments of 1a, 3a, and 4a in CDCl 3 with KI reveal the ratio of monomers to metal cation in the quadruplex and the specificity for such quadruplexes as a function of [K + ] (Figure 2) . Below a 1:8 ratio of K + to monomer, 1a shows a preference for the formation of a head-to-tail (ht) 9 octamer (O), but beyond a 1:8 ratio, the spectrum becomes more complex with the emergence of several species in (Figure 2d: 1a) . This behavior is consistent with a shift in the equilibrium from an octamer toward stacked polymers (Scheme 2, P), which agrees with the behavior of related dG analogues reported by the Gottarelli group. Upon titration of 3a with KI, two new species appear, a species with one set of peaks and a second species with two sets of peaks (Figure 2: 3a) . When [KI] g 3/16 equiv, the main species (>95%) is the one with two sets of peaks. This behavior is consistent with the formation of a hexadecamer (H) with a formula (3a) 16 ‚3K + and an octamer (O) with a formula (3a) 8 ‚K + . On the other hand, as we increase the concentration of KI, 4a shows the formation of primarily a head-to-head (hh) octamer (O) (4a) 8 ‚K + with a small amount of a head-to-tail (ht) octamer (O′). Molecular modeling and two-dimensional NOESY experiments of (3a) 16 ‚3K + and (4a) 8 ‚K + reveal that the head (h) of the tetrad is less crowded than its tail (t) because the monomers 3a and 4a stay in the syn conformation around the glycosidic bond (Scheme 2). 7, 10 Those experiments also indicate that the interfaces between the tetrads are hh-tt-hh for (3a) 16 ‚3K + and hh for (4a) 8 ‚ K + as shown in Scheme 2. The increased stability of the quadruplex formed by 3a over those formed by 1a and 4a was determined using 1 H NMR through variable-temperature (VT) and dilution experiments. VT experiments over a 112 K temperature range reveal the increased thermal stability of (3a) 16 ‚3K + when compared with (1a) n ‚mK + and (4a) 8 ‚K + (Figure 3a-c) . At 221 and 333 K, the main species is still (3a) 16 ‚3K + , whose 1 H NMR peaks broaden at 221 K, but remain sharp and show all the multiplicities at 333 K. The spectra of (4a) 8 ‚K + ,i n which the 4-acetyl group cannot form additional hydrogen bonds, shows the collapse of the main species at 221 K; at 333 K, the peaks are broad and show no multiplicities, both of which are indicative of a more dynamic system ( Figure  3a-c: 4a) .
The dilution experiments in CD 3 CN allowed us to evaluate the ratio (f) of ordered species formed by 3a, 4a, and 1a, which is useful to make comparisons between the stabilities of (3a) 16 ‚3K + ,( 4a) 8 ‚K + , and (1a) n ‚mK + (Table 1 ). In the concentration range between 44 and 10 mM, f remains effectively constant for both 3a and 4a, but below 10 mM it is significantly larger for 3a. In contrast, f is lower for 1a throughout the entire concentration range examined. These results indicate that an aryl group at C 8 and a properly placed functional group (capable of increasing the number of hydrogen bonds within a tetrad) impart stability to the resulting quadruplexes when compared to the parent compound. 
